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1. Introduction 
With the increasing risk of the population of aged people experiencing a hard tissue failure, there is an increasing demand for 
metallic biomaterials that are suitable for replacing failed hard tissue. Among the representative metallic biomaterials, titanium and its 
alloys exhibit excellent specific strength and balance of mechanical properties, good corrosion resistance, and the best 
biocompatibility among all the metallic biomaterials. They are not, surprisingly therefore, receiving increasing attention for a wide 
range of biomedical applications. Presently, commercially pure titanium (CP Ti) and Ti–6Al–4V extra-low interstitial (Ti64 ELI) alloy 
are the most widely used titanium-biomaterials; however, some disadvantages to their use have been identified. CP Ti only possesses 
moderate mechanical properties; while the toxicity of vanadium (V) and neurotoxicity of aluminum (V) in Ti64 ELI poses a risk to 
safety with long-term implantation. Moreover, the Young’s moduli of CP Ti (~105 GPa) and Ti64 ELI (~110 GPa) are still much 
higher than that of the human bone (~10-30 GPa), with this mismatch in Young’s modulus introducing a stress-shielding effect that 
leads to bone absorption. Therefore, extensive efforts have been made and many novel -type titanium alloys showing low Young’s 
moduli have been developed successfully for biomedical applications, such as Ti-13Nb-13Zr, Ti-12Mo-6Zr-2Fe, Ti-15Mo, 
Ti-15Mo-5Ze-3Al, Ti-35Nb-7Zr-5Ta, and Ti-29Nb-13Ta-4.6Zr (TNTZ). 
However, in the spinal fixation surgery performed for correcting scoliosis (one of the spinal diseases), surgeons must 
manipulate and bend spinal fixation implant rods to conform to spinal curvature within a limited space inside the patient’s body. 
Thus, the amount of springback of the implant rods should be sufficiently small which can provide a better handling ability and 
easy operation for surgeons. As we known, both the strength and Young’s modulus of a material determine the degree of 
springback. Given the same strength, it is the rod with the higher Young’s modulus that will exhibit the smaller springback; thereby, 
high-Young’s-modulus implant rods, which are undesirable for patients because of the risk of stress shielding, are preferable for 
surgeons from the viewpoint of suppressing springback. Whereas, after surgery, low-Young’s-modulus rods are still desirable for 
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patients in order to prevent postoperative stress shielding. That is, the surgeons and patients show conflicting requirements on Young’s 
moduli of implant rods used for spinal fixation applications. For solving this contradiction, the implant rod is required to have such a 
“changeable Young’s modulus”; that is the local Young’s modulus of the deformed part of the rod increases significantly by 
deformation, while the rest part remains a low Young’s modulus. Among the developed metallic biomaterials, none of them has such a 
“changeable Young’s modulus” to meet the conflicting requirements of both surgeons and patients in spinal fixation surgery. Therefore, 
a novel type of biomaterial with such a changeable Young’s modulus in addition with good mechanical properties and excellent 
biocompatibility needs to be developed for spinal fixation applications. 
Among the non-equilibrium phases of titanium alloys, the  phase has a higher Young’s modulus than the  phase and it is well 
known that the presence of the  phase drastically increases the Young’s moduli of -type titanium alloys; thus, if the  phase appears 
in the deformed part of the -type titanium alloy implant rod via bending deformation during spinal fixation surgery, a high Young’s 
modulus would be obtained for the deformed part, while the Young’s modulus of the non-deformed part would remain low. That is, 
the changeable Young’s modulus can be achieved by a deformation-induced -phase transformation in metastable -type titanium 
alloys which gives an opportunity to satisfy the conflicting requirements of both surgeons and patients in terms of Young’s moduli of 
implant rods simultaneously. 
Recently, the development of a material with changeable Young’s modulus via deformation-induced -phase transformation has 
been investigated in Ti-Cr, Ti-Mo, and Ti-30Zr-(Cr, Mo) alloys. All the three developed alloys, Ti-12Cr, Ti-17Mo, and 
Ti-30Zr-3Cr-3Mo, show changeable Young’s modulus (the Ti-12Cr alloy shows the largest changeable Young’s modulus among these 
three alloys) and only moderate mechanical properties. Hence, apparently, materials with further larger changeable Young’s modulus 
and more excellent mechanical properties are desirable for use in spinal fixation applications.  
Accordingly, the purpose of this study is to develop a new -type Ti-Cr alloy with changeable Young’s modulus via 
deformation-induced -phase transformation and good mechanical properties for use in spinal fixation applications. 
2. Optimization of chemical composition in -type Ti-Cr-O alloys for achieving large changeable Young’s modulus with 
good mechanical properties for spinal fixation applications 
In this chapter, oxygen was added into -type Ti-Cr alloys to suppress the athermal  phase formed upon quenching, and the 
oxygen and chromium contents were optimized for achieving a large changeable Young’s modulus with good mechanical properties 
in-type Ti-Cr-O alloys for spinal fixation applications. The effect of oxygen and chromium on the changeable Young’s modulus in 
the Ti-Cr-O alloys was examined. Among the examined alloys, Ti-10Cr-0.2O (mass%) alloy showed large changeable Young’s 
modulus, high tensile strength (above 1050 MPa) and 0.2% proof strength (~1030 MPa), and acceptable elongation (~10% in the ST 
condition). Among the examined Ti-(12, 11, 10)Cr-0.2O alloys, the deformation-induced -phase transformation was enhanced with 
lower chromium content relating to -lattice instability. Among the examined Ti-10Cr-xO alloys, the Ti-10Cr-0.2O alloy showed the 
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largest change in Young’s modulus, owing to the two competition factors, increased apparent -lattice stability and decreased amount 
of the athermal  phase, both of which were caused by oxygen addition, produced the most favorable balance for the 
deformation-induced -phase transformation at 0.2 mass% oxygen content. The bending springback property of the optimized 
Ti-10Cr-0.2O alloy was evaluated by three-point bending loading-unloading test, which showed that this alloy had a much high 
bending strength and acceptable springback. The deformation-induced -phase transformation occurred in both the compression and 
tension areas of the bent part of Ti-10Cr-0.2O alloy could cause the changeable Young’s modulus, thereby playing a positive role on 
suppressing springback in the bending loading-unloading process. 
3. Changeable Young’s modulus with twinning-induced plasticity (TWIP) achieved in -type Ti-Cr-O alloys 
When correcting a severe scoliosis with a large spinal curve angle, the implant rods should undergo a large-degree bending to 
conform to the spinal curvature. Hence, materials, possessing not only large changeable Young’s modulus but also good plasticity 
which is beneficial for preventing the cracks initiation during severe bending thereby reducing the risk of the spinal fixation rods’ 
fracture in the postoperative life, are preferred for a better spinal fixation surgery. In this chapter, firstly, the mechanism of the 
simultaneously obtained changeable Young’s modulus and good ductility with significant work-hardening in Ti-10Cr-0.06O alloy was 
systematically investigated. It was obtained that the Ti-10Cr-0.06O alloy exhibited these excellent properties owing to the complex 
plastic deformation mechanisms including deformation-induced -phase transformation, {332}<113> mechanical twinning, and 
dislocation gliding. This result showed a consistency with the theoretical prediction based on the phase stability index diagram. 
According to this phase stability diagram, the chemical composition of the Ti-Cr-O alloys was optimized in order to obtain an 
excellent combination of large changeable Young’s modulus, good ductility and high strength. Among the examined alloys, the 
Ti-9Cr-0.2O alloy exhibited large changeable Young’s modulus, high tensile strength (above 1000 MPa), large elongation (~20% in 
the ST condition) with high work-hardening rate, but relatively low 0.2% proof strength (~820 MPa), which was attributed to the 
abovementioned complex deformation mechanisms. The largest changeable Young’s modulus obtained in Ti-9Cr-0.2O alloy among 
the examined alloys was attributed to the two factors, the  phase stability and the amount of athermal  phase, reached the most 
favorable balance for deformation-induced -phase transformation.  
Among all the examined alloys, the Ti-10Cr-0.2O and Ti-9Cr-0.2O alloys, which possessed their specific properties and showed 
different potentials, were preferred for specific applications in spinal fixation surgery. Therefore, the Ti-10Cr-0.2O and Ti-9Cr-0.2O 
alloys were synthetically considered to be the two optimized alloys as implant rods for spinal fixation applications.  
4. Evaluation of cytocompatibility of the optimized Ti-Cr-O alloy for practical use in spinal fixation applications 
In this chapter, the cytocompatibility of one of the two optimized alloys, Ti-10Cr-0.2O alloy with higher chromium content, 
was evaluated for the practical use in spinal fixation applications. The Ti-10Cr-0.2O alloy showed an ability to support the cell 
attachment and cell proliferation as great as the commonly used CP Ti and Ti64 ELI alloy in both ST and CR conditions. The cells 
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cultured on the Ti-10Cr-0.2O-ST alloy presented a much flattened cellular morphology, indicating that the cells could well spread on 
the Ti-10Cr-0.2O-ST alloy. Thus, it is concluded that the Ti-10Cr-0.2O alloy exhibited a comparable cytocompatibility in comparison 
to CP Ti and Ti64 ELI in both ST and CR conditions. This suggested that the Cr element and deformation effects such as 
deformation-induced  phases in the Ti-10Cr-0.2O alloy did not show any deleterious effect on the cytocompatibility. 
5. Final conclusions and prospects 
5.1.  Final conclusions 
The Ti-10Cr-0.2O alloy showed large changeable Young’s modulus, high tensile and bending strength, high proof strength, 
acceptable elongation and acceptable springback. Deformation-induced  phase could cause changeable Young’s modulus, thereby 
playing a positive effect on suppressing springback. 
The Ti-9Cr-0.2O alloy exhibited large changeable Young’s modulus, high tensile strength, large elongation with high 
work-hardening rate, but comparatively low proof strength. This was attributed to the complex deformation mechanism, including 
deformation-induced -phase transformation, {332}<113> mechanical twinning and dislocation gliding. 
From the standpoint of surgeons and patients, both the Ti-10Cr-0.2O and Ti-9Cr-0.2O alloys were considered to be the two 
optimized alloys for different applications in spinal fixture. 
The Ti-10Cr-0.2O alloy exhibited a comparable cytocompatibility in comparison to CP Ti and Ti64 ELI in both ST and CR 
conditions. This suggested that the Cr element and deformation effects such as deformation-induced  phases in Ti-10Cr-0.2O alloy 
did not show deleterious effects on the cytocompatibility. 
5.2.  Prospects 
   In this study, the Ti-10Cr-0.2O and Ti-9Cr-0.2O alloys were obtained to be the two optimized alloys used as implant rods for 
spinal fixation applications. However, the fatigue properties of the optimized alloys, which are essential properties for the practical use, 
are still unknown and need to be systematically evaluated in the future.  
Furthermore, it was obtained that the Ti-10Cr-0.2O alloy exhibited a comparable cytocompatibility in comparison to CP Ti and 
Ti64 ELI based on the cell attachment and cell proliferation tests. In order to entirely eliminate the worry from the chromium toxicity 
and allergenicity, much more related experiments, such as animal test should be performed on the optimized alloys. 
So far, several novel -type titanium alloys, which possess changeable Young’s modulus caused by deformation-induced -phase 
transformation, have been developed for spinal fixation applications. However, when (critical stress and critical strain) and how 
(mechanism) the deformation-induced -phase transformation would occur in the alloys during deformation is still unclear. Therefore, 
it is essential to clarify when (critical stress and critical strain) and how (mechanism) the deformation-induced -phase transformation 
occurs and make clear how to control the critical stress and critical strain. Thus, we can control the deformation-induced -phase 
transformation as we expected and make it undergo more easily for an easy bending on implant rods which benefits for surgeons.  
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